To clone the genes encoding lysis protein from a Chlorella virus, water samples were collected from 13 aquatic environments located in the Kanto area of Japan. Eight water samples contained plaque-forming viruses on Chlorella sp. NC64A, but no virus was detected in the other five samples. A novel Chlorella virus, CVN1, was isolated from the Inba-numa marsh sample. CVN1 genomic DNA was partially digested and shotgun cloned into pUC118 to identify the genomic region responsible for the lytic phenotype on Chlorella sp. NC64A. A DNA fragment which encoded two ORFs, ORF1 and ORF2, was obtained by antialgal assay. The ORF2 gene product, CL2, consisted of 333 amino acids showing antialgal activity not only on the original host of Chlorella sp. NC64A, but also on the heterogeneous hosts of Chlorella vulgaris C-27 and C. vulgaris C-207. CL2 showed a weak homology (19.8% amino acid identity) to mannuronate lyase SP2 from Turbo cornutus. CL2 in Escherichia coli cells was purified using a nickel chelate column. Lyase activity of purified CL2 on alginic acid was observed in an enzyme assay. The specific activity of purified CL2 was 2.1U10 32 U mg 31 , the optimum pH for enzymatic activity was 10.5, and Ca 2 was required for enzyme activity. This is the first report of a Chlorella virus protein with lyase activity. ß
Introduction
Research on Chlorella was initiated to determine its potential as a reliable source of food for consumption. In addition, extensive studies on the use of Chlorella for ¢xing carbon dioxide are also being conducted [1, 2] . The largest obstacle in the study and utilization of Chlorella is its indigestible, rigid cell wall [3] . In the present study trials were conducted to detect novel enzymes which digest the Chlorella cell wall. Virus-encoded lysis genes degrade the host cell wall at the point of attachment, or disrupt the host cell at the end of the lytic cycle, thereby enabling the release of progeny viruses. The Chlorella virus, relatively abundant in aquatic environments [4] , is expected to have genes responsible for the lysis of the host cell. Thousands of plaque-forming viruses, all of which infect Chlorella sp. NC64A, have been isolated from fresh water collected in the USA [4] , China [5] , and Japan [6] . Some of these viruses such as PBCV-1 [4] , CVK1 [6] , and CVK2 [7, 8] have been well characterized. PBCV-1 and CVK2 are the prototype of Phycodnaviridae with a double-stranded DNA genome. We attempted to clone the novel Chlorella lysis gene for use in the disruption or induction of protoplast in Chlorella species.
Chlorella sp. NC64A cell walls have previously been analyzed for their component monosaccharides [4] ; glucose and rhamnose account for 51% and 16% of the total sugars, respectively, with galactose, xylose, arabinose, and mannose each accounting for 51 0% of the sugars. These monosaccharides comprise about 50% of the solubilized wall material. Chlorella cell walls also contain glucosamine as well as saccharides; glucosamine comprises 7^17% of total sugars in the cell wall [9] . Several CVK2 proteins are known to have chitosanase and/or chitinase activities which may be responsible for degrading polymers of glucosamine [9] . Very little additional information is known about the nature and function of the Chlorella cell wall-degrading enzymes of Chlorella virus.
Shotgun cloning followed by lysis assay is commonly used for the cloning of lysis genes encoded in bacteriophages [10] . We adapted this method for cloning the Chlorella lysis gene and determined the complete nucleotide sequence of the insert of the plasmid isolated from a positive clone. One of the two ORFs identi¢ed in the DNA insert encoded the lytic phenotype of Chlorella sp. NC64A. The gene product of this ORF showed lyase activity on alginic acid. The lytic action on Chlorella species and enzymatic characterization of this lyase are discussed in the present paper.
Materials and methods

Viruses and host strains
Viruses were obtained from water samples collected from natural ponds, marshes, and lakes in the Kanto area of Japan. After ¢ltration through a membrane ¢lter (0.45-Wm pore size; Millipore), 100 Wl of each water sample was subjected to a virus plaque assay. A 100-Wl sample of water was mixed with 100 Wl of the host cells, incubated for 1 h at 25³C, mixed with 3 ml of 0.6% soft agar of Bolds basal medium (MBBM) [11] , poured onto a 1.5% MBBM agar plate and incubated in the light at 25³C. Chlorella virus CVK1 [6] was kindly given by T. Yamada. Chlorella sp. NC64A was used as a host strain [11] . The isolated viruses were puri¢ed by three consecutive single-plaque isolations. Each virus was propagated in liquid culture of Chlorella sp. NC64A, and puri¢ed by sucrose gradient centrifugation [12] . Six algal species, Chlorella vulgaris C-27, Chlorella vulgaris C-207, Chlorella fusca C-28, Chlorella ellipsoidea C-87, Chlorella pyrenoidosa C-104 and Chlamydomonas reinhardtii C-238 were obtained from the algal culture collection of the Institute of Molecular and Cellular Biosciences, University of Tokyo. Chlorella sp. and Chlamydomonas sp. strains were cultured on MBBM at 25³C.
DNA manipulation and cloning procedure
Plasmids pUC118 and pET26(b) (Novagen) were used as cloning and expression vectors. The T7 promoter is carried by pET26(b) and necessitates the use of a strain carrying an inducible T7 RNA polymerase gene such as BL21(DE3). In addition, it has a signal sequence that allows translocation of the produced protein to the periplasmic space. Genomic DNA of the Chlorella virus was isolated by phenol extraction [6] . DNA was partially digested with MboI, and separated on a 0.7% agarose gel. DNA fragments of the appropriate size were recovered from the agarose gel by Gene Clean II (Bio 101, La Jolla, CA, USA) and ligated into linearized pUC118 after BamHI digestion and dephosphorylation by bacterial alkaline phosphatase (Wako Nippon gene). Escherichia coli JM109 was used as a host cell in recombinant manipulations. All E. coli cells carrying recombinant plasmids were plated on standard Luria-Bertani (LB) agar medium supplemented with 50 Wg ml 31 of ampicillin. Bacterial colonies were transferred to LB agar plates with 50 Wg ml 31 ampicillin and isopropyl-L-D-thiogalactopyranoside (IPTG; 1 mM), followed by incubation for 6 h at 37³C. Saturated chloroform vapor was applied to the assay plate to lyse the E. coli cells and release the lysis protein of Chlorella virus. A concentrated culture of Chlorella sp. NC64A in 0.4% MBBM agar was subsequently overlaid. After several days of incubation at 25³C, clear zones were shown around colonies harboring lysis genes.
Positive colonies were isolated from the original plate and their DNA was analyzed by endonuclease digestion. Nucleotide sequencing of the resulting fragment was carried out using universal forward and reverse primers. Automated cycle sequencing was performed with a DSQ-1000L (Shimadzu sequencer) on pretreated samples with the thermosequence £uorescent-labeled primer cycle sequencing kit with 7-deaza-dGTP (Amersham, UK). Database comparisons, and analyses of nucleic acid and amino acid (aa) sequences were conducted using the DNA-SIS program (Hitachi). To characterize the lysis phenomenon of the isolated gene, PCR (Perkin-Elmer Cetus thermal cycle) was performed to amplify the open reading frame (ORF)-encoding lysis gene. ORF1 was ampli¢ed by the primer set 5P-CCGGATCCAATGACAATAAATGACACAA-3P (BamHI site in bold) and 5P-GCCAAGCT-TATTTTATAACACGTTCTAC-3P (HindIII site in bold). ORF2 was ampli¢ed by the primer set 5P-CGGGATCCAATGAATGGAAACGACAAC-3P (BamHI site in bold) and 5P-GCCAAGCTTCA-TTCGTATTTCTTCATTTG-3P (HindIII site in bold). Those two PCR fragments were subsequently digested with BamHI-HindIII endonuclease and inserted into the BamHI-HindIII site of the pUC118 expression vector. Chlorella virus DNA was used as a template. PCR was performed for 30 cycles with Pfu DNA polymerase (Stratagene).
Overexpression and puri¢cation of Chlorella virus lysis protein
The 6-His-tagged lysis protein (CL2) in E. coli was produced and puri¢ed as follows : pET26(b)-encoded ORF2 was constructed by PCR with the primer set 5P-CGGGATCCAATGAATGGAAACGACAAC-3P (BamHI site in bold) and 5P-CCCCTCGAGTTCG-TATTTCTTCATTTGGAA-3P (XhoI site in bold), followed by digestion with BamHI-XhoI, and insertion into the BamHI-XhoI site of the pET-26(b) expression vector. E. coli BL21(DE3) harboring pCL2-His was grown in LB broth at 37³C overnight. The culture was diluted 20 times with the same medium and incubated at 37³C for 4 h. Expression of the lysis protein was induced by addition of IPTG at a ¢nal concentration of 1 mM. After additional incubation for 5 h, cells were harvested by centrifugation. The cell pellets were resuspended in 1/10 volume of 50 mM sodium phosphate bu¡er (pH 7.0), and sonicated. After centrifugation at 17 000Ug for 20 min, the supernatant was ¢ltered (0.22-Wm pore size; Millipore) and was loaded onto a pre-equilibrated 5 mM Ni-NTA-agarose (Qiagen) column.
Enzyme assay
Sodium alginate 0.4% (0.5 ml)(acetyl group-free Macrocystis pyrifera alginate; Sigma), adjusted to pH 10.5 with 50 mM glycine-NaOH bu¡er containing 1 mM CaCl 2 , was poured into a test tube and incubated at 30³C for 5 min. The reaction was started by addition of 0.5 ml of the enzyme solution. After incubation for a predetermined period, the reaction mixture was immediately heated to 100³C and kept at that temperature for 10 min to stop the reaction, then 0.2 ml of the mixture was transferred to another test tube. The amount of unsaturated sugar produced by lyase action was measured by the thiobarbituric acid (TBA) reaction [13] . One unit of enzyme activity was de¢ned as the amount of enzyme required to liberate the equivalent of 1 Wmol of L-formylpyruvic acid per minute. The e¡ect of pH on the activity of the enzyme was determined under standard assay conditions. Two bu¡er systems, 100 mM Tris-HCl bu¡er (pH 6.0^9.0) and 100 mM glycine-NaOH bu¡er (pH 9.0^11.5), were used for the assay.
Antialgal assay
In order to identify the antialgal activity of the Chlorella virus lysis protein, E. coli JM109 harboring pUC118 encoding Chlorella virus lysis gene was grown in LB broth, and expression of the lysis gene was induced by addition of IPTG at a ¢nal concentration of 1 mM. Cell lysate was prepared as mentioned above and placed into a plastic cylinder (7 mm q) placed on the agar lawn of Chlorella sp. NC64A. Lysis proteins in the E. coli lysate penetrate into the agar and form a clear zone.
Results
Screening of Chlorella virus
Water samples were collected from May to August from 13 sites in marshes, ponds, and lakes in the Kanto area of Japan. The titer of these samples ranged from 10 to 3500 PFU ml 31 . Seasonal changes in titer were minimal during the test period. In general, titers of muddy marshes such as Inba-numa, Tega-numa, Kasumigaura, and Ushiku-numa were higher than those of clean lakes and ponds. Eight water samples out of 13 contained plaque-forming viruses on Chlorella sp. NC64A (Table 1) . No plaque-forming viruses were detected on the algal lawns of Chlorella vulgaris C-27, Chlorella vulgaris C-207, Chlorella fusca C-28, Chlorella ellipsoidea C-87, Chlorella pyrenoidosa C-104 and Chlamydomonas reinhardtii C-238.
Cloning and nucleotide sequencing of Chlorella lysis gene
Randomly selected single virus plaques were picked from the algal lawns of Chlorella sp. NC64A, propagated in liquid culture of Chlorella sp. NC64A, and puri¢ed by sucrose gradient centrifugation. Genomic DNA of several viruses among these samples was puri¢ed and digested with the restriction enzymes HindIII and EcoRI. The digestion patterns of the virus DNA were compared with that of Chlorella virus CVK1 DNA (Fig. 1) . The restriction enzyme fragmentation patterns varied among the examined viruses and di¡ered from that of CVK1. Chlorella virus, CVN1, was isolated from the freshwater marsh Inba-numa. DNA fragments of CVN1 partially digested with MboI were shotgun cloned into the inducible expression vector pUC118 and transformed into E. coli JM109. Following IPTG induction and chloroform treatment, lysis protein-producing colonies of the E. coli library could be identi¢ed by their lytic phenotype when overlaid with a lawn of Chlorella sp. NC64A. Of the 1500 colonies tested, one colony showed lytic activity within 2 days of incubation. The plasmid insert of this positive clone was recovered and designated cl. Nucleotide sequencing of the virus-derived 3183-bp DNA fragment of cl and subsequent computer analysis allowed the identi¢cation of two adjoining ORFs (Fig. 2) , ORF1 of 1.2 kb and ORF2 of 1.0 kb with a 21-nucleotide interval. To identify the region of the cloned gene responsible for the lysis phenotype, two DNA fragments of cl(X-S) and cl(M-X) were cleaved out of the cl fragment, inserted into a pUC118 expression vector, and subjected to lysis assay (Fig. 2B) . Since the gene product derived from cl(M-X) showed a distinct clear zone, ORF2 was concluded to be responsible for the lysis pheno- type. ORF2 consisted of 999 nucleotides encoding a protein (CL2) of 333 aa with a predicted molecular mass of 36.8 kDa. When the DNA fragment of cl(M-X) was inserted into the pUC118 in opposite orientation to the lac promoter, the gene product of this construction showed lytic activity on Chlorella sp. NC64A, suggesting that the cloned fragments contained a functional original promoter in the heterogeneous host cell, of E. coli. The sequence of ORF2 including the surrounding area is shown in Fig. 3 . The nucleotide sequence data reported in this paper will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession number AB025199. Similarity searches using the PRF database revealed 64.9% aa identity between CL2 and peptide A215L (consisting of 236 aa) of Chlorella virus PBCV1. CL2 is 97 aa longer at the C-terminal than A215L. Searches also showed a low degree of identity (19.8%) between CL2 and mannuronate lyase from Turbo cornutus (consisting of 267 aa) [14] . No satisfactory homology was found between the N-terminal portions of those two proteins. On the other hand, 30.1% homology was detected in the C-terminal (219 aa) regions of CL2 and Turbo cornutus mannuronate lyase SP2 (267 aa) (Fig. 4) . To identify the lytic activity of gene products derived from these two ORFs, expression vectors of those two ORFs were constructed by PCR as mentioned in Section 2. The resulting expression plasmids, pcl1 and pcl2, were used in the lysis assay of Chlorella sp. NC64A (Fig. 2B) . Formation of a distinct clear zone by the lysate of pcl2-expressing E. coli indicated that CL2 is necessary and su¤cient for lysis of Chlorella sp. NC64A. On the other hand, the gene product of pcl1(CL1) did not show any inhibitory e¡ect on Chlorella sp. NC64A cell growth (data not shown). Similarity searches revealed 97.2% aa identity between CL1 (consisting of 396 aa) and peptide A217L (consisting of 394 aa) of Chlorella virus PBCV1. Functions of both A215L and A217L have not been reported for Chlorella virus PBCV1. No homologous protein to A217L was found by PRF database analysis.
Overexpression and puri¢cation of gene products of ORF2
Since the gene products of cl2 encoded in pUC118 were undetectable by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), cl2 was cloned into pET26(b). This expression vector translocates the gene product to the periplasmic space to protect it from proteolytic degradation in the cytosol. The expression vector pCL2-His en- Fig. 2 . A: Identi¢cation of the calculated 3.2-kb DNA fragment (cl), encoding the lysis gene which was sequenced, as well as fragments which were used to localize the lysis gene. The transcriptionally active orientation is shown by arrows. Restriction sites : X, XbaI; M, MluI; S, SmaI. B: Antialgal assay. E. coli cells expressing pUC118 without insert (#1), with cl (#2), cl(M-X) (#3), and cl2 (#4), were sonicated and spotted on the agar lawn of Chlorella sp. NC64A.
coded cl2 with N-terminal fusion of the signal sequence of pelB for periplasmic localization and C-terminal fusion of the 6-His tag for puri¢cation of the produced protein by a nickel chelate column. The pCL2-His was introduced into BL21(DE3). Normal growth of E. coli BL21(DE3) was observed after induction. Gene products CL2-His were overexpressed and puri¢ed using a nickel chelate column. SDS-PAGE of the puri¢ed protein revealed a band with a molecular mass of about 39 kDa that corresponded to the expected histidine-tagged pCL2-His product and its degradation products. The puri¢ca-tion process resulted in a 4.8-fold enrichment of enzymatic activity from whole cell extract with 92% recovery of total activity.
Enzymatic properties of alginate lyase
Weak homology was shown between CL2 and Turbo cornutus mannuronate lyase SP2, therefore the enzymatic activity of CL2-His on alginic acid was investigated. Macrocystis pyrifera alginate, the substrate for the enzyme assay, contains 60% mannuronate and 40% glucuronate. Although the optimal pH for Turbo cornutus mannuronate lyase SP2 was reported to be 9.4 [14] , maximum activity (2.1U10 32 U mg 31 ) for CL2-His occurred around pH 10.5 (Fig. 5) . The bivalent metal ion Ca 2 was determined to be required for enzyme activity, since the addition of EDTA to the reaction mixture inhibited enzymatic activity. No enzymatic CL2-His activity was observed when the substrates chitin, chitosan, cellulose, or pectin were used.
The antialgal activity of puri¢ed CL2-His on Chlorella and Chlamydomonas species was tested. CL2-His showed clear zone formation on the agar lawns of Chlorella sp. strain NC64A, Chlorella vulgaris C-27 and Chlorella vulgaris C-207. Conversely, no antialgal e¡ect was exhibited on Chlorella fusca C-28, Chlorella ellipsoidea C-87, Chlorella pyrenoidosa C-104 and Chlamydomonas reinhardtii C-238.
Discussion
Chlorella species have served as model organisms in physiological and biochemical studies of plants, but their rigid and indigestible cell wall has restricted research on the applicability of Chlorella. Although many investigations into the chemical composition of cell walls and preparation of protoplasts have been carried out with Chlorella, naked protoplasts have been prepared from cells of only a few strains [3] . The discovery of lysis enzymes in Chlorella viruses may provide a way to utilize Chlorella. Many phageencoded lysins or endolysins speci¢c to E. coli, Bacillus [15, 16] , Lactococcus [17] , and Staphylococcus [18] have been elucidated. However, extensive attempts to detect viruses speci¢c to Chlorella species other than NC64A have failed. Chlorella viruses speci¢c to Chlorella sp. NC64A are abundantly distributed in the Kanto area of Japan (Table 1 ). Despite Chlorella sp. NC64A-speci¢c viruses CVN1 and CVK1 sharing common features, their restriction enzyme digestion patterns were clearly di¡erent. These two viruses may have diverged from a common ancestor.
Chitosanase and chitinase activity have been found in the Chlorella virus CVK2 [9] . No other cell wall degradation enzymes are reported for Chlorella virus. To our knowledge, this is the ¢rst report of alginate lyase activity in the Chlorella virus. This ¢nding also suggested that alginate is used as a component of Chlorella cell wall. Alginate is known as the main component of marine algae (Phaeophyta). In alginate there are four types of linkage, -ManAManA-, -ManA-GluA-, GluA-GluA-, and -GluAManA-(ManA, mannuronate; GluA, glucuronate), and the relative cleavage rates of these bonds vary among di¡erent lyases. Mannurate lyase, which has a weak homology to CL2, degrades linkages between -ManA-ManA-or -ManA-GluA-, to produce unsaturated mannuronate (C4 = C5) at the nonreducing sugar terminal. The C-terminal region of CL2 may share common enzymatic features with the Turbo cornutus lyase SP2 based on the following three observations: (1) 30.1% homology in the C-terminal region of the CL2 with SP2 was shown (Fig. 4) , (2) the optimal pH for both enzymes was alkaline, and (3) the bivalent metal iron Ca 2 was required for their activities. On the other hand, no homology was found in the N-terminal region of CL2 with other proteins present in the database except peptide A215L of Chlorella virus PBCV1. The function of the N-terminal region of CL2, which is highly hydrophilic with seven repeats of a XXPK motif, remains to be solved.
Speci¢city of virus infection is determined by the receptor presented on the host cell surface. In the present study, the newly screened Chlorella virus CVN1 could be propagated only in Chlorella sp. NC64A, indicating that NC64A presents a cell surface receptor speci¢c to CVN1. On the other hand, the susceptibility of the cells to lysis enzymes such as CL2 is dependent on the composition of the outer membrane of the cells. Cells composed of substrates speci¢c to the lysis enzyme may be susceptible to CL2. Since CL2 could degrade Chlorella vulgaris C-27 and Chlorella vulgaris C-207, alginate may be a component of their membranes. To our knowledge, no attempt has been made to characterize the alginate in the membrane of Chlorella sp. NC64A, Chlorella vulgaris C-27 or Chlorella vulgaris C-207.
Chlorella virus DNA is transcribed in the original host of eukaryote Chlorella cells. It was surprising that the lyase encoded by ORF2 could be functional in prokaryote E. coli cells without help of a vectorencoded promoter. Nucleotide sequences TCGTGAAG and TAAACT, similar to the 335 (TCTTGACA) and 310 (TATAAT) of E. coli promoter consensus sequences, were identi¢ed upstream of ORF2 (Fig. 3) . These sequences are believed to work as a promoter in the heterogeneous host of E. coli cells. On the other hand, it is reported that the promoter of the Chlorella virus-encoded DNA methyltransferase gene is functional in plant and bacterial cells [19] . The inverted repeating sequence, which was composed of a 14-bp stem and a loop of four bases, was located downstream of the ORF2 terminal codon (TGA). This sequence is a putative rhoindependent transcription terminator in E. coli.
In conclusion, we showed Chlorella virus protein with alginate lyase activity which showed exogenous lytic activity on the Chlorella species NC64A, vulgaris C-27, and vulgaris C-207. This ¢nding indicated Fig. 5 . E¡ect of pH on the enzymatic activity. The alginate lyase activity on alginate was measured in two bu¡er systems, 50 mM Tris-HCl (pH 6.5^9.0) and 50 mM glycine-NaOH (pH 9.0^11.5), at 30³C. that at least three species of Chlorella have alginate as a key component in their membrane. Therefore alginate lyase is expected to be used for disruption of those cells or preparation of protoplasts.
